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CHAPTER I 
 
 
INTRODUCTION 
 
The available moisture held within soil is of interest to a wide variety of groups, 
and many methods have been employed in attempts to analyze it faster and with higher 
degrees of accuracy. While knowledge of this parameter is highly useful to agricultural 
and hydrological applications, there are also military and meteorological applications.  
 
Currently, a wide variety of methods are employed to measure soil moisture. 
Unfortunately, most of these methods are intrusive, time-consuming, and limited in their 
accuracy. They can also suffer from such issues as requiring the user to handle dangerous 
materials or only providing data on the very topmost layer of the soil. Many of these 
problems are further compounded by the fact that soil is not homogeneous, and the 
moisture content can (and usually will) vary strongly with depth, as well as along a lateral 
distance from a test point. As such, data collected at a point may be very poorly 
correlated with other test points that are very close by.  
 
In light of these facts, the need for a fast, portable, non-destructive measurement 
method of measuring soil moisture is apparent. Such a system could potentially be 
mounted on a vehicle and used to take data at a great number of sample points which  
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would be insurmountably time-consuming if attempted with existing destructive on site 
measurement methods. Such a set of measurements would provide a much better view of 
the soil moisture content of a field of interest. 
Dielectric spectroscopy may provide a platform for a fast, portable, non-invasive 
measurement method. Before dielectric spectroscopy measurements of soil can be 
performed on a test field, this method must be successfully applied to a much more 
controlled environment. In the case of this thesis, a single port coaxial cell was used for 
its well-known electromagnetic behavior, ability to support a waveguide mode at low 
frequencies, and because the behavior of the cell will be measured via its reflection 
characteristics, which is how a non-contact measurement system of soil moisture in a 
field would be required to operate.  
The goals of this thesis are listed as such: 
1. Identify the strengths and weaknesses in the previous transmission line model 
of the coaxial cell. 
2. Select and mathematically describe an alternative model to address known 
weaknesses in the previous model. 
3. Produce a simulation tool for the model. 
4. Discuss the strengths and weaknesses of the new model. 
 
The rest of the thesis is organized as is described in the following. Chapter 2 is the 
literature review and contains information on soil moisture, previous measurement 
methods, and the methods that this study is based on. Chapter 3 describes the 
methodology which was used to prepare samples, measure samples, and analyze data. 
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Chapter 4 details the findings of the study and discusses the accuracy of the measurement 
system. Chapter 4 also discusses the limits of the operating parameters of the system. 
Chapter 5 is a summary of conclusions that can be drawn from the analysis and 
recommendations for future work.  
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CHAPTER II 
 
 
REVIEW OF LITERATURE 
 
2.1 Background on Soil Moisture 
 In agriculture, accurate knowledge of the moisture content of a soil sample is a 
crucial and essential aspect used in making decisions that will, in the end, have a 
significant impact on crop survival and crop yield. While many factors such as 
temperature, disease, pests, available nutrients and minerals, and available sunlight play a 
strong part in whether or not a crop will thrive, available soil moisture is perhaps the 
most significant factor that can be controlled. For a plant to survive, adequate moisture 
must be available in the soil in the plant’s root zone. The root zone being the range of 
depth in the soil in which the plant’s roots extend. (Donahue, 1977) 
 Moisture stored in soil is trapped within the pore space of the soil. The amount of 
suction force holding the water in the pore space determines availability. The following 
table shows the commonly used ranges for pressure. 
 5
Table 1 Soil Moisture Pressure Ranges (Donahue, 1977) 
Pressure (Bars) Comment 
< 0 Ground is flooded 
0 to 1/3 Gravitational water. Will drain off from the force of gravity alone. 
1/3 to 15 Water available to plants. 
> 15 Unavailable water. Generally the permanent wilting point. 
 
 It is essential to consider that not all soil moisture is moisture that is available to 
crops. Moisture stored in soil is characterized by the suction force holding it into the pore 
space. Moisture held with 0 to 1/3 bars of suction is considered to be gravitational water, 
as the suction force of the pore space is not strong enough to hold onto the moisture 
stored and gravity will cause it to drain away. The amount of moisture the soil can hold 
before the suction force falls to 1/3 bars is called the field capacity. The field capacity 
includes available water and unavailable water but does not include the drainable 
gravitational water and any standing flood water. (Donahue, 1977) 
 
Available water is moisture that is considered to be available to plants in such a 
manner that it can be readily absorbed by plant roots to sustain the plant’s life. Available 
water is defined to be moisture that is stored between 1/3 and 15 bars of suction force. In 
general 15 bars is considered to be the highest suction force for available water as it is the 
point at which most crops are no longer able to absorb moisture quickly enough from the 
soil to keep up with the moisture lost from the plant via transpiration. (Donahue, 1977) 
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Soil moisture stored in the pore space at suction forces greater than 15 bars is 
considered to be unavailable water. Unavailable water includes all moisture stored below 
the permanent wilting point of 15 bars. It is also important to note that wilting is not a 
good indicator of when plants need water because they will have needed water long 
before wilting occurs. (Donahue, 1977) Because the volumetric water content that 
corresponds to the aforementioned pressure ranges varies from soil type to soil type, 
knowledge of the volumetric water content is not enough unto itself to determine how 
much water is available to crops.  
 
Plant growth will already have been significantly reduced by the time wilting 
occurs. Wilting can be extremely damaging in a seed crop if a lack of water occurs 
between the onset of flowering and seed set. (Hanks, 1980) 
 
 The suction force described above is not exclusively a function of the volumetric 
water content. Other features such as the soil’s porosity can have a profound effect on the 
amount of moisture that is in the available suction range for the plants. These attributes 
vary strongly with soil type, which can vary strongly with distance in a given field of soil. 
As such, it is difficult to make a good estimation of how much water is available to plants 
without the volumetric water content as well as the soil’s available water profile. 
(Donahue, 1977) 
 
 There are four regions used to define how full the pore space is in soil. The first, 
least filled region, is the pendular region. In this region, only water vapor is present in the 
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pore space. Next is the funicular stage. In this region the pores are filmed with liquid. 
Beyond that is the capillary stage, in which all of the pores are filled with water. Finally, 
on the opposite extreme end, is the phrentic stage. The phrentic stage is used to describe 
soil beneath the level of the water table. (Gelalecha, 2000) 
 
 Water content in soil can have sharp discontinuities across distance. 
Discontinuities occur primarily at a drying front or wetting front, which occurs whenever 
there is a sharp boundary between two soil types. In situations such as these, a single 
point measurement of soil moisture could prove to be disastrous for plants attempting to 
grow on the other side of such a boundary.  
 
2.2 How Soil Moisture Is Quantized 
 The amount of soil moisture present in a sample can be quantized in three ways. 
These are: a volumetric basis which is a ratio of the volume of water present to the 
volume of soil present, a dry mass basis which is a ratio of the mass of water present to 
the mass of soil solids present, and a wet mass basis which is a ratio of the mass of water 
present to the sum wet soil. (Hanks, 1980) 
 
Mass Water Content Formula (Wet Mass):  
 lMassWetSoi
MassWater
W =θ
       (1) 
Mass Water Content Formula (Dry Mass):  
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lMassDrySoi
MassWater
m =θ
        (2) 
Volume Water Content Formula:   
SoilBulkVolume
rVolumeWate
V =θ
       (3) 
 
 
2.3 How Soil Moisture Is Changed 
Soil moisture levels change easily and often. As a result, it is necessary to 
measure moisture frequently to maintain accuracy. The number of different effects which 
cause moisture levels to increase or decrease significantly complicates any attempt to 
estimate change over time without a direct measurement. The time-dependent fluctuation 
in moisture content calls into question the usefulness of any measurement method which 
requires a long time to process or gather data.  
  
2.3.1 Soil Moisture Reduction  
 Evapotranspiration is the cycle in which moisture is released from a field via 
evaporation and transpiration of water from the soil and crop. Evapotranspiration can be 
measured with a lysimeter (discussed in detail and section 2.4), which is essentially a 
large soil tank that measures the weight of the crop and its soil.(Hanks, 1980) (Donahue, 
1977) Lysimeters also operate under the premise that any change in the weight in the tank 
can be attributed to water.  
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 In addition to evapotranspiration, soil moisture is also reduced by drainage of 
gravitational water. Gravitational water includes any amount of water that is stored in the 
pore space at under 0.5 bars of suction pressure, previously referred to as gravitational 
water in section 2.2, which will eventually drain away from gravitational forces. 
(Donahue, 1977) 
 
2.3.2 Soil Moisture Increase 
 Soil moisture levels are generally increased by two phenomena: precipitation and 
irrigation. Often precipitation is not a sufficient source of water to sustain a crop. The 
insufficiency is due primarily to the significant amount of water lost through transpiration 
through the crops themselves. Gravitational run off is also a contributing factor, but 
studies have shown that transpiration and evaporation are the most significant factors by 
a very wide margin. (Hanks, 1980) 
 
2.4 Common Measurement Methods 
 In the past, many methods of measuring soil moisture have been employed, all of 
which require a significant time and/or monetary investment. Perhaps the most basic 
method of calculating soil moisture is to sample the soil in question and measure the 
mass of the soil when wet and once it has dried. This method is advantageous as it 
requires very little equipment and no significant training. This method is, however, 
extremely time consuming as the soil sample must be collected, removed to a testing 
area, measured, and then very thoroughly dried before the dry mass is measured. This 
method is also disadvantageous in that the sample only represents the soil moisture in one 
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very small region and the results often do not reflect the present condition of the soil by 
the time they can be calculated. The process is also significantly destructive because the 
soil must be removed from the ground in order to be measured. 
 
 An alternate method to the basic practice described above includes the use of 
blocks of gypsum or other porous materials. These porous blocks are measured by 
digging holes at the desired measurement site and burying them at various depths in the 
root zone. The blocks are then read by measuring the electrical resistance with the 
knowledge that as the moisture level decreases the electrical resistance of the block will 
decrease. (Donahue, 1977) Before burial each of the blocks must be thoroughly soaked, 
dried, and soaked again in order to free any trapped air. The blocks must then be carefully 
buried such that all of the soil in the hole is tightly packed. Ideally the pore space of the 
soil replaced into the hole should be identical to that of the surrounding soil. Most 
essential, however, is ensuring that there is not a loose soil path connecting the soil 
surface to the sensor blocks. If this occurs the moisture reading will be wildly inaccurate 
due to the loose soil connection’s ability to hold significantly more moisture than the soil 
surrounding it. This method is favorable in that it is inexpensive.  
 
One can easily see that the method only provides a very localized measurement. 
One can also see that, due to the care needed in the installation process, installation of 
multiple probes can quickly become very time consuming as well as very expensive. 
Additionally, there is inherent inaccuracy in the system due to the pore space in the 
installation hole being unequal to the pore space of the surrounding soil. The blocks are 
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also known to deteriorate significantly when installed in soil and thus produce less 
accurate results the longer they are exposed to the soil and water. One can also see how 
an installation error could go undetected and without additional sensors to check against, 
inaccurate data could prove disastrous for moisture maintenance leading to low crop yield 
or crop failure. 
Lysimeters are also employed to measure soil moisture. A lysimeter is essentially 
a soil tank that contains soil and any crop growing in it. The tank is connected to a scale, 
and available moisture is calculated by monitoring fluctuation in weight. The tank’s 
measurements are of limited accuracy because it can only be placed in one location. An 
important weakness to consider in a lysimeter is its inability to account for water stored 
in the pore space at under 0.5 bars, which would normally run off due to gravitational 
forces, but in this case would remain trapped within the tank. Lysimeters must also be 
very carefully placed, as the terrain can play an important impact how water flows across 
the field during periods of precipitation or irrigation. Positions at high points in the field 
will generally suffer from lower water received and lower points will generally have 
higher amounts. Either of these conditions can make the lysimeter produce a 
measurement that is not characteristic of the rest of the field. (Donahue, 1977) 
 Tensiometers have also been employed to measure soil moisture. These devices 
measure the attractive forces between water and soil particles, effectively measuring the 
difficulty plants will have in drawing water from the soil. The disadvantage to using a 
tensiometer is only one location is measured and the accuracy of the devices decays with 
time as air leaks into its system. The devices also suffer from a strong dependence on 
temperature and air pressure which can easily exacerbate the previously mentioned issue 
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of air leaking into the system.(Arnold, 1992) Tensiometers also suffer in their 
effectiveness as they are only effective from 0 to 0.85 bars of pressure. This range is 
mostly in the gravitational run off range. It does not come remotely close to reaching the 
15 bars pressure of wilting point or even extend significantly deep into the available 
water range. However, tensiometers may be applied more readily in sandy soils, where 
the available water is stored at a lower pressure range. (Donahue, 1977) 
 
2.5 Dielectric Spectroscopy 
2.5.1 Dielectric Spectroscopy in Agricultural Applications 
 Of the methods currently employed to measure soil moisture levels, Dielectric 
Spectroscopy offers the most expedient form of measurement and provides a 
measurement platform which has the potential for a highly mobile measurement system 
for quick, accurate in situ measurements. In agriculture, proper management of moisture 
available to crops is essential in guaranteeing the survival and health of a crop. Dielectric 
spectroscopy is a safe, non-destructive method for measuring soil moisture. Of current 
methods, dielectric spectroscopy and other non-destructive microwave analysis 
techniques are noteworthy in that they do not rely on contact with the soil to measure its 
moisture content. 
 
 Other methods of soil moisture assessment rely heavily on contact with the soil 
sample and can require excavation or other complicated installation processes. These 
methods also often involve lengthy testing periods: requiring porous blocks to gain 
equilibrium with the soil surrounding them, requiring soil to be given time to dry, or 
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requiring a device to equalize its pressure with the tension forces in the soil sample itself. 
All of the downsides of these common methods are well-documented and widely known, 
yet they are still employed because of a lack of an affordable, viable alternative.  
 
 Many papers have been written detailing the benefits and disadvantages to soil 
moisture measurement with Time Domain Reflectometry (TDR) or Dielectric 
Spectroscopy. (Gelalecha, 2000) (Topp et. al., 1980) (Rial, 2001) (Nelson, 2005) 
(Nelson, 1991) (Jorgensen 1970) (Trabelsi 2010) The results of these experiments have 
been largely successful. An experiment was conducted using a probe to determine the 
volumetric water content of soil using the apparent dielectric constant. This experiment 
operated under the ideal condition of a completely homogenous soil consisting of 85% 
sand and 15% pulverized peat moss. The high sand content encouraged rapid draining to 
expedite experimental procedures. This experiment yielded positive results with a strong 
correlation between the volumetric water content calculated by the probe and the actual 
measured water content (W.S. Rial, 2000). Another experiment was conducted using a 
frequency response sensor over a range of frequencies from 200 Hz to 100 MHz. The 
experiment investigated soils of various textures, densities, salinities, and water content 
levels. This study found that soil moisture and soil salinity could be measured by the 
magnitude ratio and the phase shift of their frequency response (Lee, et. al, 2007). A 
study was conducted to measure the scattering parameters of several soils of different 
mineralogies as a function of frequency and soil moisture. Samples were tested in a 
truncated coaxial cell with a Vector Network Analyzer. This experiment showed that in 
highly saline soils, relaxation frequencies can complicate the data (Logsdon, 2005). Other 
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experiments have also been conducted using dielectric spectroscopy in a number of 
agricultural applications. These include soil moisture, insect presence, quality of grains, 
densities of products, quality of oilseed crops, and quality of peanuts.  
 
2.5.2 Dielectric Spectroscopy and Soil Moisture 
 Another method of measurement that is being investigated employs time domain 
reflectometry to measure the apparent dielectric constant (the complex dielectric 
constant) of the soil medium. It has been found that the apparent dielectric constant of 
soil varies strongly with the volumetric water level and very weakly with the soil’s 
density, texture, salt content, and is insensitive to temperature.(Gelalecha, 2000) (Rial, 
2001) This overcomes several of the most common obstacles to measuring soil moisture; 
obstacles such as sensitivity to air pressure, temperature, and salt content in the soil, 
amongst other things. Using time domain reflectometry to measure the apparent dielectric 
constant of a soil medium confers an additional benefit to the procedure. The 
measurement device does not have to be in contact with the soil. This allows for a highly 
mobile sensor apparatus which can take and process measurements very quickly which is 
well in line with the goal of creating an expedient measurement system. (Lee, 2007) 
2.5.3 Coaxial Cell 
2.5.3.1 Previous Use 
 The coaxial cell (seen in figure 2.1) was previously constructed in a study by 
Arnold. Arnold’s study used a transmission line model to characterize the behavior of the 
cell. This model is shown below in figure 2.2.  
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Figure 2.1 Arnold’s Coaxial Cell Schematics 
 
Figure 2.2. Arnold’s Transmission Line Model 
 In Arnold’s model, the cell is presented as two transmission line segments. The 
first represents the top half of the cell, the second represents the bottom of the cell, and 
the base of the cell is represented with a capacitor due to the capacitance resulting from a 
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3.2 mm gap between the bottom of the cell and the center conductor. Arnold’s method 
involved calculating the electrical length of the cell from a measured impedance, then 
numerically solving for the complex propagation constant. The complex propagation 
constant was then used to calculate the relative permittivity of the sample. Free space 
permeability was assumed. His study found that accuracy of the relative permittivity 
calculation improved at higher test frequencies. (Arnold 1990)  
2.5.3.2 Weaknesses in Previous Model 
 Comparison of the physical structure of the coaxial cell (figure 2.1) to the 
transmission line model (figure 2.2) reveals that several attributes of the coaxial cell’s 
structure are not being accounted for in the transmission line model. The work done in 
Arnold’s study shows a very broad range of permittivity estimations for samples of 
similar volumetric water content. These ranges are large enough that at lower 
frequencies, some samples are estimated as having half the relative permittivity of 
samples with lower volumetric water content. (Arnold, 1990) Since the issue is frequency 
dependent, lessening in severity at higher frequencies, it seems reasonable to assert that 
some frequency dependent feature of the coaxial cell is not being properly modeled, 
causing the measured impedance values to produce a wide range of relative permittivity 
estimations. Figure 2.3 and 2.4 show Arnold’s data for a 1MHz test and a 100 MHz test 
respectively. Measurements were taken from an assortment of samples. Note in figure 2.3 
how widely spread the points are for similar volumetric moisture content ratios. Errors 
are very significant and apparent in the data. Particularly in the 0.30 to 0.35 range one 
can observe that samples of similar volumetric moisture content were measured to have 
relative permittivity values ranging from around 25 to as high as almost 70. The data also 
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reflects such features as volumetric water content ratios of around 0.30 exhibiting a lower 
relative permittivity than samples at around 0.20 and similar relative permittivity to 
samples around 0.10. The wide range of estimations is an undesirable behavior which 
clearly demonstrates a poor ability to estimate the relative permittivity of the tested 
samples at this frequency. (Arnold, 1990) 
 
Figure 2.3. Arnold’s 1 MHz Test Data (Arnold, 1990) 
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Figure 2.4. Arnold’s 100 MHz Test Data (Arnold, 1990) 
Figure 2.4 shows Arnold’s 100 MHz test data. The spreading issue is less 
significant here but is still present. The issue is most clearly evident when comparing data 
gathered at approximately 0.28 volumetric water content to data gathered for about 0.24 
volumetric water content. Here, one can see that a sample with 0.28 volumetric moisture 
content was estimated to have a relative permittivity of less than 15. However, at a lower 
volumetric moisture content of approximately 0.24, a higher relative permittivity of 18 is 
measured.  
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CHAPTER III 
 
 
METHODOLOGY 
 
3.1 Coaxial Cell 
 
 The coaxial cell is a measurement tool capable of measuring the dielectric 
properties of an inserted material when used in conjunction with a Vector Network 
Analyzer (VNA). A schematic showing the coaxial cell’s dimensions are show in figure 
3.1 below. Note that unlike figure 2.1, this schematic shows the center conductor shorted 
to the bottom plate of the cell. The cell is made of brass and has been silver plated to 
improve surface conductivity. The center ring is a thin Teflon disk used to regulate the 
size of the sample. The cell was constructed based on a design used in an earlier 
experiment in which a coaxial cell was used with dielectric spectroscopy to evaluate the 
dielectric properties of grains and seeds. (Jorgensen 1970). That experiment used air 
samples and benzene samples to evaluate the accuracy of measurements taken with the 
cell. The difference between the modern cell and the cell used in Jorgensen’s experiment 
is the modern cell has no capacitive material added in the connection between the SMA 
connector and the center conductor. The modern cell’s center conductor is shorted to the 
bottom of the cell, where a small air gap was left in the previous design. Figure 3.2 is a 
digital photograph of the coaxial cell fully assembled.  
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Figure 3.1: Dimensions of the Coaxial Cell 
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Figure 3.2: Coaxial Cell 
 
 
3.1.1 How It Works 
 
 The coaxial cell has a single compartment for samples. In this thesis, this 
compartment will be referred to as the sample compartment, and is the bottom half of the 
cell. For completely solid samples, such as the Teflon insert, the bottom cap may be 
removed and the insert pressed inside. For liquid samples, only the base of the sample 
compartment is water tight. As a result, to test a liquid sample, the top half of the cell and 
the center insert should be removed. Liquid test material could then be poured into the 
bottom section of the cell. Once a sample is in place, a properly calibrated VNA can be 
connected to the SMA connector on top of the cell. 
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3.1.2 Strengths 
 The coaxial cell is a well-defined structure that has been used in a number of 
experimental procedures, several of which were discussed in chapter 2. As a result, it is 
mathematically well-defined. The nature of such a transmission structure lends itself 
toward measurements of dielectric properties. Additionally, by using only the bottom of 
the cell to contain the sample under test, the sample compartment is reduced to a very 
simple geometry. This reduces the mathematical complexity of the design. The chance 
that a sample will be improperly loaded into the cell is greatly reduced as well. 
 
3.1.3 Weaknesses 
 The coaxial cell suffers from several weaknesses. First, the conductive center rod 
does not connect directly to the bottom lid of the sample compartment. As a result, there 
is a gap between the center conductor’s bottom face, and the interior face of the lid which 
acts as a parallel plate capacitor. The presence of the gap is undesirable because the 
impedance of the capacitance will vary with operating frequency and cannot be easily 
calibrated out as a result. Additionally, for granular samples, such as soil, it is difficult to 
keep the sample from leaking into the gap, altering the permittivity between the plates 
which is tied directly to the capacitance. Solid samples are easier to keep out of the gap, 
but the inserted material will still occupy the fringe field of the capacitor and affect its 
performance. Since the objective is to measure the permittivity and this effect creates a 
second change in the measurement based on permittivity, it is highly undesirable.  
 An additional weakness that the cell suffered from was the abrupt change in the 
diameter of the inner conductor in the top section of the cell. An abrupt change such as 
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this excites an infinite number of waveguide modes across the discontinuity. These all 
died out quickly, but produced a capacitance that had to be accounted for in the 
transmission line model. This capacitance will be discussed in greater detail in section 
3.2. Often, a gradual, cone-shaped top is used for the center conductor in similar coaxial 
cells to greatly attenuate this effect.  
 
3.1.4 Treatment of Samples 
 Samples consisted of liquid solutions and solid inserts. Soil/water mixtures could 
also be supported but were not tested. Solid samples were cut to fit snugly into the 
sample compartment. Liquid samples were poured into the sample compartment through 
the top under a fume hood. Soil samples should be weighed before being placed into the 
cell. After measurements, samples must be thoroughly dried and weighed again. The soil 
sample’s particle density should then be measured. This calculation allows for the 
volume water content to be calculated directly for validation against the coaxial cell’s 
measurement.  
 
 Actual samples tested included distilled water, air (empty sample cell), and 
Teflon. To show that varying water levels in soil produced a varying relative permittivity, 
several soil samples were also prepared and evaluated. A discussion of these results is 
presented in chapter 4.  
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3.1.5 Taking Data 
 Data was collected by using an Agilent Vector Network Analyzer (hereafter 
referred to as VNA). The VNA was calibrated for a single port, S11 measurement from 
50 MHz to 400 MHz. Short, Open, and Broadband Load calibration standards were used 
in a kit designated for SMA connectors. 201 data points were taken for each plot. The 
real and imaginary reflection coefficients as well as the phase and magnitude plots were 
then recorded for analysis in MatLAB. Data was taken at room temperature.  
 
3.2 Transmission Line Model 
 In order to simulate the electrical properties of the coaxial cell, a new 
transmission line model was developed. The model allows for each length of the cell to 
be broken down into a finite electrical component, assuming that the cell is operating as a 
transmission line. The final model is pictured below in figure 3.3. Comparing to figure 
2.2, one can see that significant changes have been made. The load capacitance has been 
replaced with a short. This was achieved by compressing a copper mesh tightly in the gap 
between the center conductor and the bottom plate. Additionally, two admittances in the 
form of two shunt susceptances are added at the top of the cell to account for the change 
in the radius of first the outer, then the inner conductor. Between the two admittances, a 
short transmission line segment has also been added to account for the previously ignored 
top segment.  
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Figure 3.3. Transmission Line Model of the Coaxial Cell 
 
 A MatLab program was constructed using the concept of a cascaded transmission 
line model to simulate the behavior of the cell. Lengths of the cell were treated as 
transmission line segments with the characteristic impedance calculated by the physical 
dimensions of the cell, assuming the behavior of a coaxial transmission line. The gap 
between the internal surface of the sample compartment’s bottom lid and the center 
conductor was modeled as a capacitance load before it was removed via shorting the 
center conductor to the bottom lid. This capacitance was calculated to be 1.89 pF for the 
case that air was present between the two panels and neglecting of fringing effects. The 
two step discontinuities in first the outer conductor and then the inner conductor create a 
structure that must be modeled as a capacitance in parallel with the susceptance of the 
sum total of the elements in the transmission line model that occur beyond the 
discontinuities. Using the characteristic impedances of each section of the transmission 
line model, input impedances were calculated. The equation below shows the impedance 
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formula for the sample chamber. It should be noted that because the load for this section 
is a short circuit, the equation reduces in this segment to the simpler equation seen 
directly beneath it. 
( )
( )λ
λ
γ
γ
tanh
tanh
Lo
oL
oi ZZ
ZZZZ
+
+
=
 (4) 
 
( )λγtanhoi ZZ =  (5) 
 
( )( )orjj εωεσωµγ +=  (6)  
 The input impedance for this section is then used as the load impedance for the 
transmission line segment at the top of the cell. The input impedance equation is then 
used again with these values to calculate the input impedance at that point in the 
transmission line model. This input impedance is then placed in parallel with the 
admittance from the shunt capacitance due to the change in the inner conductor diameter. 
This is then used in turn as the load impedance to calculate the input impedance to the 
small transmission line segment at the very top of the cell. This, finally, is placed in 
parallel with the admittance from the capacitance formed by the step discontinuity in the 
outer conductor’s diameter at the top of the cell. The result of this calculation represents 
the frequency dependent input impedance for the entire cell. The reflection characteristics 
are simple to calculate at this point using the equation below.  
50
50
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−
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Z
    (Lonngren 2007)        (7) 
 
The calculations for the capacitances due to the conductor diameter 
discontinuities are not simple. Fortunately these discontinuities are located in the section 
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of the cell which is not intended to contain a sample, so while they are frequency 
dependent impedances, there is no concern of dramatic change in capacitance due to new 
dielectric media being introduced into the system. The susceptance of the shunt 
capacitors can be calculated via the system of equations shown in appendix A. 
(Marcuvitz 1986) However, an experiment was conducted in which the cell was fitted 
with a matched load termination During this experiment it was observed that the 
discontinuities produced very little reflection on their own.  
 
3.3 Permittivity Calculation Algorithm 
 To estimate the permittivity of a measured sample, a numerical analysis was 
performed on the data. This was accomplished by calculating the Square Error (SE) 
between points in the measured data and points generated by the MatLab simulation. This 
calculation was performed on both the real and imaginary reflection coefficients for 201 
frequencies evenly distributed from 50 to 400 MHz. The mean was taken of the 201 
different SE calculations to provide the Mean Square Error (MSE). This process was 
repeated for 900 possible relative permittivity values ranging from 0.1 to 90.0. A 
minimization was then performed to estimate the relative permittivity of the sample. The 
procedure and the results it produced are discussed in greater detail in the Findings 
chapter which follows. Figure 3.4 below shows a flowchart detailing the algorithm’s 
behavior. 
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Figure 3.4. Algorithm Flowchart 
 
3.4 Load Adjustments 
Early simulations in the study showed a low degree of accuracy. While attempting to 
pinpoint the source of these inaccuracies it was found that the simulation was very 
sensitive to small changes in the termination load. In an effort to improve the 
simulation’s performance, the termination load at the base of the sample chamber was 
adjusted for each sample material until the closest approximation could be found. This 
will be discussed in greater detail in chapter 4. 
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CHAPTER IV 
 
 
FINDINGS 
 
4.0 Load Issues 
  The simulation proved to be very sensitive to changes in the load at the end of the 
transmission line. Figure 4.1 below shows the changes in the simulation for Teflon as the 
load is varied.  
 
Figure 4.1. Teflon Simulation As Load Is Varied.  
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 As seen in Figure 4.1, the reflection characteristics of the simulated system vary 
strongly as the load changes in small ways. This behavior indicates that the model is 
highly susceptible to error from inaccuracies in the load. Because the system is real, it is 
impossible to assume a perfect short circuit at the bottom of the cell. As such, some load 
will always be present. Figure 4.2 below shows the transmission line model with a load 
added at the end. 
 
Figure 4.2. Transmission Line Model with Load 
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Figure 4.3. Load Comparison for Distilled Water 
 
Figure 4.3 above shows the RMSE plots of distilled water for two different loads. The 
first of which is the adjusted load for distilled water, and the second is for the case of a 
short circuit termination. Note that for the idealized case of the short circuit termination 
the lowest error occurs much closer to 90 than 80. Table 2 below shows the load 
impedances used for each simulation.  
Table 2. Load Impedances 
Sample Assumed Relative Permittivity Load Impedance  
Teflon  2.1 0.2+9j 
Water  80.1 0.0+1j 
Air 1.0 0.2+9j 
 
 
Note that in the frequency range of operation, the load impedances in table 2 could be 
produced by an inductance as small as 6 nH. With this in mind it seems likely that this 
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experiment could be improved by altering the cell to have a specific known load in the 
bottom of the cell such that there is no longer a short, but is also not matched to the rest 
of the transmission line. A non-zero load would reduce the effect of noise in the load on 
the transmission line model significantly. However, it is important that no gap be left 
between the bottom plate of the cell and the center conductor. Leaving such a gap will 
cause a frequency dependence load in the form of a capacitance. The fringing effects will 
interact with the sample under test, complicating the system further. Sections 4.1, 4.2, 
and 4.3 investigate the algorithm’s behavior when the adjusted loads shown in table 2 are 
used for the termination load in the transmission line equations. The algorithm appears in 
figure 3.4. 
4.1 Teflon Analysis with Load Correction 
A Teflon sample was cut to fit snugly within the sample chamber for this test, filling it 
completely. Figure 4.4 below shows a plot comparing the simulated data and measured 
data for the Teflon sample. The simulation operated under the premise that Teflon had a 
permittivity of approximately 2.1 at room temperature and a conductivity of 10E-24S/m. 
(Matweb 2010) 
 
 33
  
 
Figure 4.4. Comparison of Real Reflection Coefficient Data and Simulation for Teflon 
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Figure 4.5. Magnitude of Error between Real Reflection Coefficient Data and Simulation  
 
In order to arrive at an estimate of the relative permittivity, a minimization of a root mean 
square error (RMSE) calculation was implemented. This was done using the equation 
shown below. In this equation S is the array of simulation points, and D is the array of 
measured data points from the VNA. 201 points of data were collected and simulated. 
The points are represented by k. 
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  (Stark, 2002)      (8) 
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Figure 4.5 shows the magnitude of the error of each frequency point plotted in Figure 4.4. 
These points can be used to calculate a Root Mean Square Error (RMSE) for the 
measurements. For a relative permittivity of 2.1, an RMSE of 0.1036 was calculated.  
 
Figure 4.6 shows the plot of the simulated imaginary reflection coefficient and the plot of 
the measured imaginary reflection coefficient. Again, Teflon was assumed to have a 
relative permittivity of approximately 2.1 and a conductivity of 10E-24 S/m (MatWeb 
2010). The magnitude of error of the simulated versus measured data is shown in Figure 
4.7. The RMSE for this data set was calculated to be 0.1098.  
 
 
Figure 4.6. Comparison of Imaginary Reflection Coefficient Data and Simulation for 
Teflon 
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Figure 4.7. Magnitude of Imaginary Error 
 
The plots in Figure 4.8 and Figure 4.9 show the RMSE calculated from equation 8 as the 
set of simulated points in S is recalculated for 900 possible relative permittivity matches 
ranging from 0.1 to 90.0. The top value of 90.0 was chosen to incorporate the full range 
of expected relative permittivity values while still allowing for error in the measurement 
of pure water samples. The simulation generates a real and imaginary reflection curve 
based on the relative permittivity value to be tested, and then determines the RMSE 
between each simulated curve and the respective curve generated by the VNA for the 
sample under test. Figure 4.8 and Figure 4.9 shows the RMSE calculation for each 
potential relative permittivity calculated by the simulation compared to the data gathered 
with the VNA using a Teflon core as the sample under test. The objective is a 
minimization, so the estimated relative permittivity is said to be the value which causes 
the lowest RMSE to be produced. However, observation of Figure 4.8 and Figure 4.9 
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both show a span of low RMSE around the estimated relative permittivity. Table 3 shows 
real reflection coefficient data on the RMSE at the known value of the permittivity of the 
Teflon core, as well as the data gathered at the calculated relative permittivity value 
arrived at by the previously described algorithm. Table 4 is the same data set presented 
for the imaginary component of the data.  
Table 3. Real Reflection Coefficient Analysis of Teflon  
Permittivity Root Mean Square 
Error 
Note 
2.1  0.1036 Assumed Relative Permittivity of Teflon 
Sample 
2.8 0.0834  Lowest RMS Error 
 
Table 4. Imaginary Reflection Coefficient Analysis of Teflon  
Permittivity Root Mean Square 
Error 
Note 
2.1 0.1098 Assumed Relative Permittivity of Teflon 
Sample 
2.9 0.0884 Lowest RMS Error 
 
While there is a degree of error in the calculated permittivity in comparison to the known 
permittivity, the RMSE value for the known permittivity is close to that of the lowest 
calculated error. Inspection of Figure 4.8 and Figure 4.9 also show that the known 
relative permittivity does fall within the low error region in both data plots. As expected, 
relative permittivity values that are far from the known relative permittivity have a 
significantly higher error than the either the estimated or known relative permittivity. 
Additionally, disagreement in the permittivity is expected due to noise in the system, 
possible impurities in the sample, limitations in the accuracy of the measurement 
equipment, and most significantly the limitations of the mathematical model as described 
in the Load Issues section, section 4.1.  
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Figure 4.8. Real Root Mean Square Error for Test Relative Permittivity. 
 
 
Figure 4.9. Imaginary Root Mean Square Error for Test Relative Permittivity 
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4.2 Distilled Water Analysis with Load Correction 
The experiment was repeated with distilled water. Below, in figure 4.10, is a plot of the 
simulated data and measured data for distilled water. For the simulated data, a relative 
permittivity of 80.1 was used, and the conductivity was 0.5 S/m.  
 
 
Figure 4.10. Distilled Water Real Reflection Coefficient Comparison 
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Figure 4.11. Distilled Water Imaginary Reflection Coefficient Comparison 
 
Figure 4.11 above if the simulated and measured data for the imaginary reflection 
coefficient. Both Figure 4.11 and Figure 4.10 show a rough match between the simulated 
and measured data. An RMSE minimization was performed on the real and imaginary 
reflection coefficients for distilled water to determine which relative permittivity value 
was the closest match. The result from these evaluations is plotted below in Figure 4.12 
and Figure 4.13.  
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Figure 4.12. Real Reflection RMSE Versus Permittivity For Distilled Water 
 
 
Figure 4.13. Imaginary Reflection RMSE Versus Permittivity For Distilled Water 
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Table 5. Distilled Water Real Reflection Coefficient Analysis  
Permittivity Root Mean Square 
Error 
Note 
80.1  0.2568  Assumed Relative Permittivity of Distilled 
Water 
80.0  0.2568  Lowest RMS Error 
 
Table 6. Distilled Water Imaginary Reflection Coefficient Analysis  
Permittivity Root Mean Square 
Error 
Note 
80.1 0.1858 Assumed Relative Permittivity of Distilled 
Water 
80.6  0.1849 Lowest RMS Error 
 
Table 5 and 6 show the results of the RMSE minimization. The relative permittivity 
estimation for distilled water produced an estimated permittivity closer to the assumed 
permittivity value than the estimation for Teflon. However, the best estimates for both 
distilled water tests did produce a larger calculated Root Mean Square Error than the tests 
for Teflon. Higher accuracy in the relative permittivity estimation is most likely due to 
the increased electrical length in the cell when the sample chamber is filled with distilled 
water.  
4.3 Air Analysis with Load Correction 
The experiment was repeated again with no sample in the sample chamber. For this case, 
the simulation assumed that the sample chamber was filled with air, and had an 
approximate conductivity of .55*10^-14 S/m. Figure 4.14 and Figure 4.15 show the 
comparison of the simulated data and the measured data for the real and imaginary 
reflection coefficient respectively. The simulation was run under the condition that air 
had a relative permittivity of 1.0.  
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Figure 4.14. Real Reflection Coefficients of Air 
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Figure 4.15. Imaginary Reflection Coefficients of Air 
 
While neither the real or imaginary reflection coefficient simulation matches very closely 
to the measured data, both exhibit a similar structure over the frequency range. Figure 
4.16 and Figure 4.17 follow. They show the RMSE plots for the reflection coefficients of 
the air samples versus simulation data in the same manner as in the previous experiments 
on Teflon and distilled water samples.  
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Figure 4.16. RMSE Analysis of Real Coefficients for Air Sample 
 
 
Figure 4.17. RMSE analysis of Imaginary Coefficients for Air Sample 
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It is interesting to note the similar appearance in the RMSE plots for the air data when 
compared to the Teflon data. Since both of these samples exhibit a very low conductivity 
and a low relative permittivity it is reasonable to expect these samples to produce very 
similar results. Below in table 7 and 8, the RMSE of the real and imaginary scans are 
shown for the assumed relative permittivity of 1, as well as the point where the 
simulation indicates a minimum error has occurred. While the lowest RMS error does not 
occur at the assumed relative permittivity, it is important to note that in both the real and 
imaginary comparison, the assumed relative permittivity lies within a region of low Root 
Mean Square Error.  
Table 7. Air Sample Real Reflection Coefficient Analysis  
Permittivity Root Mean Square 
Error 
Note 
1.0 0.1949  Assumed Relative Permittivity of Air 
3.2  0.0853  Lowest RMS Error 
 
Table 8. Air Sample Imaginary Reflection Coefficient Analysis  
Permittivity Root Mean Square 
Error 
Note 
1.0 0.1955 Assumed Relative Permittivity of Air 
3.3  0.1026 Lowest RMS Error 
 
4.4 Comparison of Non-Adjusted to Adjusted Termination Loads 
Repeating the same treatment of data described in section 4.1, 4.2, and 4.3 it quickly 
becomes clear that a short circuit load is undesirable. Table 9 contains the RMSE value 
found for the shorted load and adjusted load case when measured data is compared to 
simulated data at the assumed relative permittivity value for each of the three tested 
samples. Air samples were assumed to have a relative permittivity of 1.0. Teflon samples 
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were assumed to have a relative permittivity of 2.1. Distilled water samples were 
assumed to have a relative permittivity of 80.1. 
Table 9. Comparison of RMSE Measurements for Shorted and Adjusted Loads 
Sample Shorted Load RMSE Adjusted Load RMSE Ratio 
Air (Real) 0.3886 0.1949 50.15% 
Air (Imaginary)  0.2333 0.1955 83.80% 
Teflon (Real) 0.3271 0.1036 31.67% 
Teflon (Imaginary) 0.1796 0.1098 61.14% 
Distilled Water (Real) 0.3390 0.2568 75.75% 
Distilled Water (Imaginary) 0.2800 0.1858 66.36% 
 
Note that in all six cases the adjusted load produced a lower RMSE value at the assumed 
relative permittivity. In most cases this was significantly lower with Teflon’s real 
reflection coefficient showing the most improvement.  
Table 10. Comparison of Permittivity Estimates for Shorted and Adjusted Loads 
Sample Shorted Load 
Estimated 
Permittivity 
Error Adjusted Load 
Estimated 
Permittivity 
Error 
Air (Real) 8.7 770% 3.2 220% 
Air (Imaginary)  7.1 610% 3.3 230% 
Teflon (Real) 8.6 310% 2.8 33.3% 
Teflon (Imaginary) 6.6 214% 2.9 38.1% 
Distilled Water (Real) 88.4 10.36% 80.0 0.12% 
Distilled Water (Imaginary) 88.9 10.99% 80.6 0.62% 
 
Table 10 shows the algorithm’s permittivity estimates for each sample as estimated from 
the real and imaginary reflection characteristics. Estimates for the shorted load case and 
the adjusted load case are provided. Inspection of table 10 reveals that the adjusted loads 
consistently produce a smaller error in the permittivity estimate. In some cases the error 
is reduced by several orders of magnitude.  
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4.5 Usefulness of RMSE Analysis 
RMSE is beneficial for this analysis as the mathematical simulation and transmission line 
model of the cell are limited in their accuracy, and as such it is unlikely that a perfect 
match between simulated and measured data would ever be found. RMSE analysis finds 
the closest overall match. This is desirable because no one frequency point is more 
significant in the measurement than any other. RMSE diminishes errors due to random 
variables such as noise as it allows for analysis of a large number of data points to find 
the best overall fit for the entire data set as opposed to attempting to simply match the 
simulated and measured coefficient for a specific frequency or matching locations of 
peaks.  
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CHAPTER V 
 
 
CONCLUSION 
 
The goals of this thesis were as follows:  
1. Identify the strengths and weaknesses in the previous transmission line model of the 
coaxial cell. 
2. Select and mathematically describe an alternative model to address known weaknesses 
in the previous model. 
3. Produce a simulation tool for the model. 
4. Discuss strengths and weaknesses of the new model.  
 
5.1 Accomplishments 
The original transmission line model was shown to be lacking elements to account for the 
abrupt changes in the radius of both the inner, and outer conductor of the coaxial cell. 
The model was also found to not account for the topmost portion of the coaxial cell. The 
model was improved upon via incorporating two susceptances into the model to account 
for the two discontinuities. A transmission line segment was also added between these 
two susceptances to account for the short segment of the cell which was previously 
ignored. Due to the problems associated with a short circuit termination, it is difficult to 
assess the magnitude of the benefit of incorporating these missing features. However, it is 
more technically correct to include them. 
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The thesis also suggested significant weaknesses in the previous design of the coaxial 
cell. A flaw was found in that the gap between the bottom plate of the cell and the center 
conductor causes a capacitance that varies its traits with frequency and the permittivity of 
the sample under test. An attempt was made to address this undesirable aspect by 
shorting the center conductor to the bottom plate. A series of Matlab scripts were 
produced to simulate the behavior of the modified cell. The scripts are capable of 
comparing simulated data to measured data and calculating the discrepancy between the 
two, as well as estimate the permittivity of the sample under test.  
 
Shorting the center conductor to the bottom plate removed the capacitance from the 
model, study showed that attempting a near 0 ohm termination load caused behaviors in 
the simulation that were unpredictable due to the small size of the termination load and 
the significance of its impact on the simulated reflection characteristics. Analysis showed 
that better knowledge of the true termination load could cause dramatically improved 
estimations of the relative permittivity.  
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5.2 Future Work 
 
To better expand the research, a new coaxial cell should be built. The new cell should 
have two major adjustments. First, the center conductor in the top section of the shell 
should be altered such that the radius of the inner conductor gradually increases in radius 
rather than changing abruptly. This tapered top section has been used in other designs. 
(Huang 2000). Second, a load should be added to the bottom of the inner conductor 
between the conductor and the bottom lid. This load should be a disk of the same radius 
as the center conductor and should fit snugly between the center conductor and the 
bottom lid. This load should not match the characteristic impedance of the cell.  
 
Currently it is essential to know the conductivity of the sample under test. A lack of 
knowledge of the conductivity of the sample prevents measurement. However, the 
objective is to assess the volumetric soil moisture which limits the traits of the possible 
sample under test to soil and water. It seems reasonable to assume that the relative 
permittivity estimation could be improved by incorporating an analysis of the sample’s 
conductivity.  
 
Finally, the work can be expanded by developing an equation to convert the relative 
permittivity measurements to an estimation of the volumetric water content ratio. This 
equation would then need to be tested against real soil samples using the methods 
described in this document. Additionally, a repeat of the original experiment should be 
performed using the new model. This would require gathering a number of soil samples, 
estimating the relative permittivity, and comparing it to measured soil moisture values. It 
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may also be prudent to investigate alternative simulation methods to model the coaxial 
cell.  
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Appendix A Shunt Capacitance Calculation 
 Equations 9 through 20 below can be used to calculate the susceptance 
oY  which 
occurs in the transmission line model when the radius of the inner conductor undergoes 
an abrupt, discontinuous change. The susceptance for the change in the radius of the outer 
conductor can be calculated similarly. This method is outlined more thoroughly in 
Marcuvitz, 1986. 
Nomenclature List 
a = inner conductor radius before discontinuity 
b = inner conductor radius after discontinuity 
c = outer conductor radius 
1γ =complex propagation constant 
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01χ  is the first non-vanishing root of: 
( ) ( ) 0=




−





a
cJN
a
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χ
χ
χ
χ
     (19) 
 
This system of equations is constrained in that it is only valid provided that the 
applied field is rotationally symmetrical. Additionally, the wavelength of the field and the 
dimensions of the cell must meet the following requirement: 
( )
1
2
γ
λ
ac −
>
         (20) 
 
 These restrictions hold valid for both discontinuities. According to the dimensions 
of the cell, this equation system holds valid for all frequencies less than 5.5 GHz which 
contains the entire operating range of interest. (Marcuvitz, 1986) 
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Appendix B Matlab Programs 
%Cell Analysis Program 
%Simulation modified to allow for a relative permittivity to be 
placed in 
%the system.  
%December 7, 2009. 
 
 
%To use this program, frequency and reflection coefficient data must 
be 
%available in the workspace.  
%VFreqData is a variable which is a 1 by 201 double, and contains 
the 
%frequencies in hertz. 
%VRealData is a 1 by 201 double containing real reflection 
coefficients. 
%VImagData is a 1 by 201 double containing imaginary relfection 
%coefficients 
 
 
 
freq=50000000:1741294:400000000; 
 
Z_c=50; 
c=3*10^8; 
 
lambda=c./freq; 
Beta=2*pi./lambda; 
mu=4*pi*10^-7; 
omega=2*pi.*freq; 
 
 
 
 
 
%diameters in mm. Used as a ratio only. 
b=54.0; 
a=23.647; 
nail=3.15;  
 
%properties of inserted dielectric media 
o_air=.55*10^-14;   %conductivity for air 
o_hexane=100*10^-12;   %conductivity for hexane 
o_teflon=10^-24; %conductivity for teflon 
o_water=.05; 
 
o_bottom=o_water; 
 
 
epsilon=8.854*10^-12; 
 
Eps_Teflon=2.1; 
Eps_water=80.1; %taken from wikipedia for 20* Celcius (80.1) 
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Eps_r=0; 
 
for i=1:900 
 
    Eps_r=i/10; 
    Eps_test(i)=i/10; 
cmedia=c/1.4; 
lambdamedia=cmedia./freq; 
 
 
%units in meters. 
l_cellshortsection=.0083058; 
l_celltop=.0568452; 
l_cellbottom=.0637032; 
 
 
 
 
Cap=4.9736*10^-10; %approximation trying to get data to fit a peak 
at 160 MHz 
gamma_bottom=(1i*mu*o_bottom.*omega-mu*Eps_r*epsilon.*omega.*omega); 
gamma_bottom=sqrt(gamma_bottom); 
 
gamma_top=(1i*mu*o_air.*omega-mu*1*epsilon.*omega.*omega); 
gamma_top=sqrt(gamma_top); 
 
%sample impedance value for capacitance from discontinuity. Value is 
%calculated for 75 MHz. 
ZCap=(-1i*.002653)^-1; 
 
 
 
%Calculate complex propogation constant within coaxial cell. 
Zo_CellTinyTop=(1i.*omega*mu)./(2*pi.*gamma_top)*log(b/nail); 
%Characteristic Impedence of Cell VERY Top section 
Zo_CellBottom=(1i.*omega*mu)./(2*pi.*gamma_bottom)*log(b/a); 
%Characteristic Impedence of Cell Bottom section 
Zo_CellTop=(1i.*omega*mu)./(2*pi.*gamma_top)*log(b/a); 
%Characteristic Impedence of Cell Top section 
%Z_Cap=1./(omega*1i*Cap);                        %Impedence of 
capacitance. 
%Z_Cap=0-1.8j; 
%Z_Cap=0.2+9j; %for teflon 
%Z_Cap=0+1j; %for water 
%Z_Cap=0.2+9j; %for air. 
Z_Cap=0+1j; 
 
 
 
 
ZCellBottom=Zo_CellBottom.*(Z_Cap+Zo_CellBottom.*tanh(gamma_bottom.*
l_cellbottom))./(Zo_CellBottom+tanh(gamma_bottom.*l_cellbottom).*Z_C
ap); %Input impedence looking into bottom of cell. 
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ZCellTop=Zo_CellTop.*(ZCellBottom+Zo_CellTop.*tanh(gamma_top.*l_cell
top))./(Zo_CellTop+tanh(gamma_top.*l_celltop).*ZCellBottom); %Input 
impedence looking into top of cell. 
 
ZAdjunct=(ZCellTop.^-1+ZCap.^-1).^-1; %impedance of discontinuity 
capacitance in parallel with the rest of the system.  
 
ZCellTinyTop=Zo_CellTinyTop.*(ZAdjunct+Zo_CellTinyTop.*tanh(gamma_to
p.*l_cellshortsection))./(Zo_CellTinyTop+tanh(gamma_top.*l_cellshort
section).*ZAdjunct); %Input impedence looking into VERY top of cell. 
 
%ZAdjunct=(ZCellTop.^-1+ZCap.^-1).^-1;  
%Zin=Z_c*(ZAdjunct+Z_c.*tanh(gamma.*l_cable))./(Z_c+tanh(gamma.*l_ca
ble).*ZAdjunct);           %Input impedence looking into system. 
 
 
%Now, account for capacitance from discontinuity in inner conductor 
radius. 
 
%ZAdjusted=ZAdjunct; 
ZAdjusted=ZCellTinyTop; 
 
 
GCoeff=(ZAdjusted-50)./(ZAdjusted+50); 
 
%Calculate the RMSE from the reflection coefficiences. 
RealError=((real(GCoeff)-VRealData).^2); 
ImagError=((imag(GCoeff)-VImagData).^2); 
 
 
TotalRealError(i)=(sum(RealError)/201)^.5; 
TotalImagError(i)=(sum(ImagError)/201)^.5; 
end 
 
%print the real figure 
figure; 
plot(Eps_test,TotalRealError); 
xlabel('Relative Permittivity'); 
ylabel('Root Mean Square Error'); 
 
%print the imaginary figure 
figure; 
plot(Eps_test,TotalImagError); 
xlabel('Relative Permittivity'); 
ylabel('Root Mean Square Error'); 
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%Cell Error Plotter Program 
%Simulation modified to allow for a relative permittivity to be 
placed in 
%the system.  
%December 7, 2009. 
 
%To use this program, frequency and reflection coefficient data must 
be 
%available in the workspace.  
%VFreqData is a variable which is a 1 by 201 double, and contains 
the 
%frequencies in hertz. 
%VRealData is a 1 by 201 double containing real reflection 
coefficients. 
%VImagData is a 1 by 201 double containing imaginary relfection 
%coefficients 
 
freq=50000000:1741294:400000000; 
 
Z_c=50; 
c=3*10^8; 
 
lambda=c./freq; 
Beta=2*pi./lambda; 
mu=4*pi*10^-7; 
omega=2*pi.*freq; 
 
 
 
%l_cell=.1273./lambda; 
 
%diameters in mm. Used as a ratio only. 
b=54.0; 
a=23.647; 
nail=3.15;  
 
%properties of inserted dielectric media 
o_air=.55*10^-14;   %conductivity for air 
o_hexane=100*10^-12;   %conductivity for hexane 
o_teflon=10^-24;%conductivity for teflon 
o_water=.05; 
 
o_bottom=o_water; %Set conductivity here. 
 
 
epsilon=8.854*10^-12; 
 
Eps_Teflon=2.1; 
Eps_water=80.1; %taken from wikipedia for 20* Celcius (80.1) 
 
Eps_r=80.1; %set relative permittivity to test here. 
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    Eps_test=Eps_r; 
cmedia=c/1.4; 
lambdamedia=cmedia./freq; 
 
 
 
%units in meters. 
l_cellshortsection=.0083058; 
l_celltop=.0568452; 
l_cellbottom=.0637032; 
 
 
 
gamma_bottom=(1i*mu*o_bottom.*omega-mu*Eps_r*epsilon.*omega.*omega); 
gamma_bottom=sqrt(gamma_bottom); 
 
gamma_top=(1i*mu*o_air.*omega-mu*1*epsilon.*omega.*omega); 
gamma_top=sqrt(gamma_top); 
 
%sample impedance value for capacitance from discontinuity. Value is 
%calculated for 75 MHz. 
ZCap=(-1i*.002653)^-1; 
 
 
 
%Calculate complex propogation constant within coaxial cell. 
Zo_CellTinyTop=(1i.*omega*mu)./(2*pi.*gamma_top)*log(b/nail); 
%Characteristic Impedence of Cell VERY Top section 
Zo_CellBottom=(1i.*omega*mu)./(2*pi.*gamma_bottom)*log(b/a); 
%Characteristic Impedence of Cell Bottom section 
Zo_CellTop=(1i.*omega*mu)./(2*pi.*gamma_top)*log(b/a); 
%Characteristic Impedence of Cell Top section 
%Z_Cap=1./(omega*1i*Cap);                        %Impedence of 
capacitance. 
%This was removed. 
 
%Z_Cap=0.2+9j; %for teflon 
%Z_Cap=0+1j; %for water 
%Z_Cap=0.2+9j; %for air 
Z_Cap=0+1j; 
 
 
 
 
ZCellBottom=Zo_CellBottom.*(Z_Cap+Zo_CellBottom.*tanh(gamma_bottom.*
l_cellbottom))./(Zo_CellBottom+tanh(gamma_bottom.*l_cellbottom).*Z_C
ap); %Input impedence looking into bottom of cell. 
ZCellTop=Zo_CellTop.*(ZCellBottom+Zo_CellTop.*tanh(gamma_top.*l_cell
top))./(Zo_CellTop+tanh(gamma_top.*l_celltop).*ZCellBottom); %Input 
impedence looking into top of cell. 
 
ZAdjunct=(ZCellTop.^-1+ZCap.^-1).^-1; %impedance of discontinuity 
capacitance in parallel with the rest of the system.  
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ZCellTinyTop=Zo_CellTinyTop.*(ZAdjunct+Zo_CellTinyTop.*tanh(gamma_to
p.*l_cellshortsection))./(Zo_CellTinyTop+tanh(gamma_top.*l_cellshort
section).*ZAdjunct); %Input impedence looking into VERY top of cell. 
 
 
 
 
 
 
%ZAdjusted=ZAdjunct; 
ZAdjusted=ZCellTinyTop; 
 
 
GCoeff=(ZAdjusted-50)./(ZAdjusted+50); 
 
 
%Calculates absolute value of error between simulation and gathered 
data. 
RealError=(abs(real(GCoeff)-VRealData)); 
ImagError=(abs(imag(GCoeff)-VImagData)); 
 
 
 
 
%plot figures 
figure;  
plot(freq,RealError); 
xlabel('Frequency (Hz)'); 
ylabel('Error'); 
 
figure;  
plot(freq,ImagError); 
xlabel('Frequency (Hz)'); 
ylabel('Error'); 
 
figure; 
plot(freq, real(GCoeff), VFreqData, VRealData); 
xlabel('Frequency (Hz)'); 
ylabel('Real Reflection Coefficient'); 
 
figure; 
plot(freq, imag(GCoeff), VFreqData, VImagData); 
xlabel('Frequency (Hz)'); 
ylabel('Imaginary Reflection Coefficient'); 
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%Root Finder Program 
%use to see where Xi crosses a zero point. 
a=.122; 
c=2.127; 
 
Xi=0:.002:2; 
 
Value=BESSELJ(0,Xi).*BESSELY(0,Xi*c/a)-
BESSELY(0,Xi).*BESSELJ(0,Xi*c/a); 
plot(Xi,Value); 
 
%Discontinuity Program 
%This program calculates the B over Y value described on page 310 of 
The 
%Waveguide Handbook. 
 
a=.00155; %1.55mm 
b=.012306; %12.306mm 
c=.027013; %27.013mm 
x=0:.025:1; 
lambda = 4; %m 
 
%x=0:.05:1; 
%a=.10; 
%b=[5.0,4.9,4.8,4.7,4.6,4.5,4.4,4.3,4.2,4.1,4.0,3.9,3.8,3.7,3.6,3.5,
3.4,3.3,3.2,3.1,3.0,2.9,2.8,2.7,2.6,2.5,2.4,2.3,2.2,2.1,2.0,1.9,1.8,
1.7,1.6,1.5,1.4,1.3,1.2,1.1,1.0]; 
%b=[5,4,3,2,1]; 
%b=[.12, .119, .118, .117, .116, .115, .114, .113, .112, .111, .110, 
.109, 
%.108, .107, .106, .105, .104, .103, .102, .101, .1]; 
%c=.12; 
%a=1; 
%c=5; 
 
%a=.0016; 
%c=.0270; 
%b=.0016:.000635:.0270; 
 
%lambda=.5; 
alpha=(c-b)/(c-a); 
gamma=1-alpha; 
 
b_o=c-a; 
b_oPrime=c-b; 
 
d=c-b; 
dPrime=b-a; 
 
e=2.718; 
gamma_one=.931161; 
Xi=(pi*gamma_one)/(c/a-1); 
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%lambda=20; %as per p233 of Waveguide Handbook 
 
%Section needs to be checked for dot product. Done. Checked for dot 
product 
%rules. 
A=((1+alpha)./(1-alpha)).^(2*alpha)*((1+(1-
(b_o./(lambda*.5))^2)^.5)/(1-(1-(b_o./(lambda*.5))^2)^.5))-
((1+3*alpha.^2)./(1-alpha.^2)); 
APrime=((1+alpha)./(1-alpha)).^(2./alpha).*((1+(1-
(b_o./(lambda*.5)).^2).^.5)./(1-(1-
(b_oPrime./(lambda*.5)).^2).^.5))+((3+alpha.^2)./(1-alpha.^2)); 
C=((4*alpha)./(1-alpha.^2)).^2; 
 
 
%variables calculated with dot product removed. 
%A=((1+alpha)/(1-alpha))^(2*alpha)*((1+(1-
(b_o/(lambda*.5))^2)^.5)/(1-(1-(b_o/(lambda*.5))^2)^.5))-
((1+3*alpha^2)/(1-alpha^2)); 
%APrime=((1+alpha)/(1-alpha))^(2/alpha)*((1+(1-
(b_o/(lambda*.5))^2)^.5)/(1-(1-
(b_oPrime/(lambda*.5))^2)^.5))+((3+alpha^2)/(1-alpha^2)); 
%C=((4*alpha)/(1-alpha^2))^2; 
 
 
A_one=(b./a).*(log(c/a)./((c/a)-1)).*(((c./b)-1)./log(c./b)).^2; 
 
%A_two=(pi^2.*(a./b))./(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))^2)^.5).*(((c/a)-
1)./((BESSELJ(0,Xi)^2)./((BESSELJ(0,Xi*(c/a))^2)-
1))).*((BESSELJ(0,Xi).*BESSELY(0,Xi.*b/a)-
BESSELY(0,Xi)*BESSELJ(0,Xi.*b/a))./((c./b)-1))^2-(1-
(2*b_o/lambda)^2)^-.5.*(2*b_o/(pi.*d)*sin(pi.*d/b_o)).^2; 
A_twoa=(pi^2.*(a./b))/(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))^2)^.5); 
A_twob=(((c/a)-1)/((BESSELJ(0,Xi)^2)/((BESSELJ(0,Xi*(c/a)))^2)-1)); 
A_twoc=((BESSELJ(0,Xi)*BESSELY(0,(Xi/a).*b)-
BESSELY(0,Xi)*BESSELJ(0,(Xi/a).*b))./((c./b)-1)).^2; 
A_twod=(1-(2.*b_o./lambda).^2).^-
.5.*(2.*b_o./(pi.*d).*sin(pi.*d./b_o)).^2; 
 
 
%Old 
%A_twoa=(pi^2*(a/b))/(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))^2)^.5); 
%A_twob=(((c/a)-1)/(((BESSELJ(0,Xi))^2)/(((BESSELJ(0,Xi*(c/a)))^2))-
1)); 
%A_twoc=((BESSELJ(0,Xi)*BESSELY(0,(Xi/a)*b)-
BESSELY(0,Xi)*BESSELJ(0,(Xi/a)*b))/((c/b)-1))^2; 
%A_twod=(1-(2*b_o/lambda)^2)^-.5*(2*b_o/(pi*d)*sin(pi*d/b_o))^2; 
 
%A_two=A_twoa*A_twob*A_twoc-A_twod; 
A_two=A_twoa.*A_twob.*A_twoc-A_twod; 
%plot(x,A_one); 
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%Axis([0 1 1 2.3]) 
 
%plot(x,A_two); 
%Axis([0.01 1 0 .6]) 
 
 
%page 310, equation 2a 
 
%BOverYo1=(2*b_o*A_one)/lambda*(2*log((1-
alpha^2)/(4*alpha))*((1+alpha)/(1-
alpha))^(.5*(alpha+1/alpha))+4*((A+APrime+2*C)/(A*APrime-
C^2))+.5*(b_o/lambda)^2*((1-
alpha)/(1+alpha))^(4*alpha)*(((5*alpha^2-1)/(1-
alpha^2))+4/3*(alpha^2*C/A))^2+A_two/2) 
 
%with dot products 
BOverYo1=(2*b_o.*A_one)./lambda.*(2*log((1-
alpha.^2)./(4*alpha)).*((1+alpha)./(1-
alpha)).^(.5*(alpha+1./alpha))+4*((A+APrime+2*C)./(A.*APrime-
C.^2))+.5*(b_o/lambda)^2*((1-
alpha)./(1+alpha)).^(4.*alpha).*(((5*alpha.^2-1)./(1-
alpha.^2))+4/3*(alpha.^2.*C./A)).^2+A_two/2); 
 
 
 
 
%page 310, equation 2c 
 
%BOverYo2=(2*b_o*A_one)/lambda*(gamma/2)^2*(4*log(2/gamma)/(1-
gamma)+2+17/2*(b_o/lambda)^2+A_two/2) 
 
%with dot products 
BOverYo2=(2*b_o.*A_one)/lambda.*(gamma/2).^2.*(4.*log(2./gamma)./(1-
gamma)+2+17/2*(b_o/lambda)^2+A_two/2); 
%figure; 
%plot(BOverYo2); 
 
%figure; 
%plot(alpha,BOverYo2, alpha, BOverYo1); 
 
 
%A_two=(pi^2*(a./b))/(gamma_one*(1-
((2*b_o)/(gamma_one*lambda))^2)^.5)*(((c 
%/a)-1)/((BESSELJ(0,Xi)^2)/((BESSELJ(0,Xi*(c/a))^2)-
1)))*((BESSELJ(0,Xi)*BESSELY(0,Xi.*b/a)-
BESSELY(0,Xi)*BESSELJ(0,Xi.*b/a))/((c./b)-1))^2-(1-
(2*b_o/lambda)^2)^-.5*(2*b_o/(pi.*d)*sin(pi.*d/b_o))^2; 
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